Understanding how nanoparticle properties such as size, morphology and rigidity influence their circulation time and biodistribution is essential for the development of nanomedicine therapies. Herein we assess the influence of morphology on cellular internalization, in vivo biodistribution and circulation time of nanocarriers using polystyrene-b-poly(ethylene oxide) micelles of spherical and elongated morphology. The glassy nature of polystyrene guarantees the morphological stability of the carriers in vivo and by encapsulating Indium-111 in their core, an assessment of the longitudinal in vivo biodistribution of the particles in healthy mice is performed with single photon emission computed tomography imaging. Our results show prolonged blood circulation, longer than 24 hours, for all micelle morphologies studied. Dynamics of micelle accumulation in the liver and other organs of the reticuloendothelial system show a size-dependent nature and late stage liver clearance is observed for the elongated morphology. Apparent contradictions between recent similar studies can be resolved by considering the effects of flexibility and degradation of the elongated micelles on their circulation time and biodistribution. † These authors contributed equally to the work. Electronic Supplementary Information (ESI) available: In vitro characterization of the PS-PEO micelles, micelle radiolabeling efficiency, late stage biodistribution SPECT scans corresponding quantitative tables and animated maximum intensity projections of the SPECT/CT.. See
INTRODUCTION
Properties such as polymeric architecture, surface charge or size are known to be some of the main factors determining the behavior of nanoparticles both in vitro and in vivo. This knowledge is derived from a plethora of studies that have been performed using particles of spherical morphology. This is partially due to the simplicity of preparation and characterization of spherical particles as opposed to elongated ones. Indeed, the latter include all the complexities of the former while adding extra physical properties such as length, aspect ratio and flexibility, resulting in an intrinsically more complex system to develop, characterize and interpret. Therefore, the influence of morphology on the in vivo behavior of nanocarriers is, comparably, unexplored. Nonetheless, in recent years theoretical and experimental studies have suggested the advantages of using oblate or high aspect ratio particles both in vitro and in vivo. Decuzzi et al. have shown through simulation that there exist an optimal aspect ratio for particles that maximizes adhesive strength to membranes. 1 Mitragotri et al. have shown that the morphology of polystyrene microparticles influences phagocytosis mechanisms and that elongated polystyrene nanoparticles target lungs and brain endothelium more efficiently than their spherical counterparts. 2, 3 The most remarkable results regarding the use of elongated carriers were shown by Geng et al. when exploiting the enhanced permeability and retention (EPR) effect. 4 This effect consists in the passive extravasation and retention of nanoparticles through the highly defective blood vessels which are formed as a consequence of the oxygen depletion and release of cytokines in the core of solid tumors. [5] [6] [7] [8] In their pioneering work the authors showed that elongated poly(ethylene glycol)-b-poly(ε−caprolactone) filomicelles display circulation half-life time of up to five days. This result is orders of magnitude larger than what is generally defined as "long circulating nanoparticles" and it is of paramount importance for passive targeting systems as longer circulation increases the probability of passive uptake in the "target" areas. Although these authors concluded to a definitive advantage in using nanocarriers with large aspect ratio, their PEO-PCL filomicelles undergo an elongated to spherical transition due to the hydrolytic degradation of the core forming block. 9 Since the filomicelles are only accumulating after they have decayed to a spherical morphology, this system does not provide any insight on the biodistribution of elongated objects. This can indeed be seen from their results where the only differences between the spherical PEO-PCL micelles and the filomicelles are in the drug loading efficiency and circulation time. 10 Very recently Müllner et al. 11 investigated the circulation time and biodistribution of high aspect ratio, non-degradable, cylindrical polymer brushes of different stiffness and length. They showed that increasing length and stiffness reduce the circulation time and the accumulation in the spleen. Their results are profoundly different from those of the PCL filomicelles, suggesting a strong importance of stiffness in the biodistribution and circulation time of elongated nanoparticles. However, their study did not provide longitudinal data which is necessary for understanding the accumulation and the elimination pathways involved in the clearance of the nanocarriers.
Here we used longitudinal single photon emission computed tomography (SPECT) imaging to investigate the circulation, the biodistribution and the clearance of rigid model nanocarriers with spherical and cylindrical morphology to obtain a more complete picture of the effects of size and rigidity on these parameters. In order to do this, we used a model system of polystyrene-b-poly(ethylene oxide) micelles and studied in vitro and in vivo the effect of micelle morphology on their cellular uptake and biokinetics. In the PS-PEO micelles used, the strong hydrophobicity of the core forming block, polystyrene, and its high glass transition temperature eliminate the possibility of unimer exchange. 12 From the kinetic entrapment of the unimers within far from equilibrium supramolecular structures, the concept of non-ergodic micelles is derived. 13 These micelles do not evolve over time while in solution or during their circulation in vivo. This characteristic provides both stability and a higher degree of freedom on the possible morphologies that are obtainable with a certain copolymer. [14] [15] [16] Subsequently, a fluorescent dye was incorporated and the fluorescently labeled micelles were used for in vitro cellular uptake experiments. Finally, 111 In was encapsulated and the radiolabeled micelles were used for in vivo biokinetics studies by SPECT in healthy mice.
EXPERIMENTAL SECTION Materials
Poly(styrene-b-ethylene oxide) block copolymers PS9.5k-PEO18k (PDI = 1.09) and PS9.5k-PEO5k (PDI = 1.04) were purchased from Polymer Source Inc. (Polymer Source Inc., Canada), the subscripts indicate the molecular weight of the blocks in Dalton. Anhydrous Chloroform ≥ 99%, 0. Glass stirring bars, one cm long, were purchased from VWR (VWR International, France). Silicon substrates, 5x5 mm polished, were purchased from Siltronix (Siltronix B.V., France). The radioactive 111 In-chloride was provided by IDB Holland (IDB Holland B.V., The Netherlands). All the reagents were used as received unless stated otherwise.
Micelle Formation
A stock solution was prepared by dissolving 10 mg/mL block copolymer in chloroform. A 100 µL aliquot of the stock solution was added to 2.3 mL of PBS. After this, an emulsion between the two immiscible solvents was formed by stirring using a glass coated magnetic stirring bar. The emulsion was stirred until complete evaporation of the chloroform. Three different micelle types were prepared: two of spherical and one of elongated morphology. The spherical ones were formed using PS9.5k-PEO18k. By controlling the evaporation rate of the chloroform phase in the emulsion spherical micelles of two different diameters were obtained. The large spherical micelles, spherical PolyStyrene large micelles (sPSL), were formed by leaving the vial open during the evaporation stage. The small spherical micelles, spherical PolyStyrene small micelles (sPSS), were formed by maintaining the vial closed during the whole evaporation stage. Elongated micelles, elongated PolyStyrene small micelles (ePSS), were formed using PS9.5k-PEO5k and by keeping the vial closed during the evaporation stage. Fluorescently labeled micelles were prepared by including fluorescent dye DiI directly to the stock solution in 0.02 wt.% to copolymer weight.
Spherical Micelle Characterization
The intensity weighted particle size distribution and average hydrodynamic diameter of the spherical micelles were obtained by dynamic light scattering (DLS). Each micelle sample was diluted to a concentration of 0.1 mg/mL and measured using an ALV/DLS/SLS-5020F experimental setup (ALV Laser Vertriebsgesellshaft GmbH, Germany) with a He-Ne laser (22 mW, λ0 = 632.8 nm), a compact ALV/CGS-8 Goniometer system, and an ALV-7002 autocorrelator at scattering angles from 20º to 120°. The CONTIN method was used for the analysis of the normalized autocorrelation functions of the scattered intensity. Atomic force microscopy (AFM) was used to obtain topographic scans of the spherical micelles. Ten µL of micelle solution were spin coated onto 5x5 silicon substrates and these were imaged using an NTegra microscope (NT-MDT Co., Russia) in semi contact mode with an NSG03 cantilever (k = 1.7 N/m).
Elongated Micelle Characterization
The diameter and length of the elongated micelles was determined by Scanning Electron Microscopy (SEM). Droplets of 10 µL of micelle solution were diluted to 0.1 mg/mL and spincoated onto 5x5 mm silicon substrates. These were imaged using a SU8000 UHR Cold-Emission FE-SEM Scanning Electron Microscope (Hitachi, Japan). The samples were imaged at 1 kV Please do not adjust margins Please do not adjust margins acceleration voltage and without applying any conductive coating to the sample. The diameter of the elongated micelles was also measured by AFM, using the same procedure and equipment as for the spherical micelles. The length distribution of the elongated micelles was reduced using an Ultra Turrax IKA T10 basic homogenizer (IKA, Germany). Each sample of 2.3 mL was homogenized at 30k RPM for 30 seconds in total.
Radiolabeling
A solution of 2.3 mL PBS (pH 7.4) and 1 mM tropolone was prepared. The required amount of 111 In was added to this aqueous solution and stirred using a glass coated magnetic stirring bar for 5 minutes, allowing the formation of tropolone 111 In complexes. After this, a 100 µL aliquot of polymer stock solution was added and an emulsion with water was formed by stirring the two immiscible solvents with a glass magnetic stirring bar. The emulsion was mixed until evaporation of chloroform. Purification of the radiolabeled micelles from unencapsulated and uncomplexed tropolone and 111 In was performed by size exclusion chromatography using Sephadex® G-25 gel. Elution fractions were collected and the activity of each fraction was counted in a 2480 Wizard2 Automatic Gamma Counter (PerkinElmer Nederland BV, The Netherlands).
In Vitro Characterization of PS-PEO Micelles
Details about in vitro model and cytotoxicity experiments setup are available in the Supporting Information.
In Vivo Characterization of PS-PEO Micelles
Animal experiments were performed with C57Bl/6 mice according to protocols approved by the Animal Ethical Committee of the UMC Utrecht and in accordance with Dutch Law on Animal experimentation. SPECT/CT imaging was used as a noninvasive method to access circulation dynamics and tissue deposition of 111 In-labelled micelles. Three study groups of two animals each were assigned for imaging with 111 In-sPSL, 111 In-sPSS or 111 In-ePSS micelles respectively. All animals were anesthetized with isoflurane (2% in air) and injected with activity via the tail vein. The average injected activities per study group were 1.45 MBq (1.5 mg) 111 In-sPSL, 0.26 MBq (1.8 mg) 111 In-sPSS and 0.42 MBq (1.5 mg) 111 In-ePSS respectively. After this, total body SPECT/CT scans of 30 minutes were acquired at 0 (just after the injection), 24 and 48 hours p.i. To obtain more detailed information on the late-stage biodistribution of the compound in the spleen and the liver of the animals, additional 30 minutes acquisitions focused on the abdominal area were performed immediately after the end of the 48 hours p.i. total body SPECT/CT scans.
SPECT/CT Imaging and Data Analysis
All animals were imaged in a U-SPECT+/CT scanner (MILabs B.V., The Netherlands). 17 The SPECT scans were acquired in a listmode data format with an XUHS-2.0-mm mouse pinhole collimator. 18 After this, SPECT image reconstructions were carried out with a pixel-based order-subset expectation maximization (POSEM) 19 algorithm that included resolution recovery and compensation for distance-dependent pinhole sensitivity. 20 For the SPECT images in this paper, we used 4 subsets and 12 iterations image reconstruction with an isotropic 0.4-mm-voxel grid. Triple-energy-window based Compton scatter correction was performed according to King et al. 21 A 20% 111 In photopeak window was centered at 171 keV. Two background windows were placed on both sides of the photopeak window with a width of 4% of the photopeak, i.e. 6.8 keV each. Hereafter, non-uniform attenuation correction and absolute quantification of SPECT images was performed according to Wu et al. 22 For visual representation in the manuscript the reconstructed volumes of SPECT scans were post-filtered width three-dimensional Gaussian filter. Corresponding CT scans were acquired with a tube setting of 55 kV and 615 A. In total, 2 frames of 182 projections over 360° were acquired in step and shoot rotation mode. The acquired projection data was reconstructed using SkyScan NRecon software to generate a 3-D CT image on 0.1693x0.1693x0.1695 mm voxel grid. To calculate the uptake of radiolabeled micelles in the organ of interest, the registered to CT and quantified SPECT images were analyzed using PMOD 3.6 biomedical image analyzing software (PMOD, Switzerland). A three-dimensional region-of-interest (ROI) was manually drawn to encompass the radioactivity uptake in the organ of interest. Separate ROIs were drawn for the radioactivity uptakes in the heart, liver, spleen, brain, lungs, left and right kidneys, and the bladder. The uptake was expressed as % injected dose (%ID) per mL of tissue volume (%ID/mL). All quantification data was reported as mean ± standard deviation within one animal study group. Comparison of statistical correlation between the biodistribution of different nanocarriers was conducted using Pearson's correlation coefficient.
RESULTS

Formation and characterization of PS-PEO micelles
Three types of micelles were used in this work: two spherical, of different diameters, and one elongated. The larger spherical micelles, sPSL, were obtained through a fast evaporation rate (approximately 4 hours for 100 µL of chloroform in water), while the smaller ones, sPSS, were obtained by a slower more sustained evaporation rate (approximately 24 hours for 100 µL of chloroform in water). Similar effects of evaporation time on micelle morphology have been previously reported in the literature. 23 The formation of elongated micelles, ePSS, was only possible through a slow evaporation rate of the solvent. This is due to the different mechanism behind the formation of the 4 | J. Name., 2012, 00, 1-3
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Please do not adjust margins Please do not adjust margins spherical and elongated micelles which will be object of a separate study. The spherical micelles were characterized by DLS, the hydrodynamic diameters obtained are taking into account the hydrated poly(ethylene-oxide) corona of the micelle. Due to their large size the elongated micelles could not be characterized using light scattering techniques, therefore it was necessary to use microscopy. The elongated micelle diameter was measured by SEM, however, due to the contrast being generated only by the more electronically dense polystyrene core, this measure does not take into account the presence of a PEO corona. In order to bridge the difference between DLS and SEM results, AFM has been used to measure the diameter of the micelles.The micelles used, with the corresponding forming copolymer and their size characterization performed by DLS, AFM and SEM, are reported in Table 1 and the AFM topography scans of the micelles are shown in Figure 1 .
The size obtained for the spherical micelles by AFM is consistent with the values obtained by DLS. The value obtained for the ePSS exceeds that obtained by SEM due to the contribution of the corona. We can conclude that since a direct comparison between scattering techniques and microscopy techniques is not possible, AFM is an appropriate technique for comparison of cross sectional dimensions of block copolymer micelles of different morphologies. Fluorescence microscopy has been previously used to determine the length distribution of elongated micelles, 4 however, the resolution limit of optical microscopy prevents the distinction of anything smaller than the diffraction limit of visible light (approximately 200 nm). If the length distribution of elongated micelles would be determined by fluorescence microscopy it would appear shifted towards higher values by neglecting the contribution of the smaller micelles. In order to avoid this, SEM was used to determine the length of the micelles. As formed, the elongated micelles had a very broad length distribution that reached hundreds of microns. In order to make them suitable for in vivo applications, the micelles were shortened using a high power homogenizer. The strong shear stress applied during mixing fractured the micelles and resulted in a more narrow length distribution with an average length of 0.6 µm ( Figure 2 ).
In vitro Cytotoxicity Assay of PS-PEO Micelles
The cytotoxicity of spherical PS-PEO micelles with various block copolymer molecular weights has been studied by D'Addio et al. 24 However, morphology-dependent cytotoxicity has been previously shown for carbon based, gold and hydroxyapatite nanoparticles. [25] [26] [27] Therefore, it was important to verify if the different morphologies used herein displayed different cytotoxic effects. This was determined using the water soluble tetrazolium assay (WST-1) on human cervical (HeLa) cells. The results are shown in Figure S1 of the Supporting Information. There were no visible effect of micelle cytotoxicity in vitro using concentrations up to 5 mg/mL, which was more than double the concentration used for our in vivo studies. This shows how the PS-PEO micelles can be used as a tool to explore possible morphology related improvements to existing therapies.
In vitro cellular internalization of PS-PEO Micelles
Micelles were loaded with the fluorescent dye DiI to track their internalization in HeLa cells. The average fluorescence per cell was determined from confocal micrographs and is related to the total amount of fluorescent dye internalized by the cells. The results are shown in Figure 3 . The results show that within the first hour of incubation the smaller spherical micelles, DiI-sPSS, are most rapidly internalized by the cells. After four hours of incubation both spherical micelles show the same levels of internalization while the elongated micelles, DiI-ePSS, are lagging behind. This can be due to the relatively large length distribution of the DiI-ePSS: the micelles on the shorter side of the length distribution behave similarly to large spherical micelles. However, the fraction of longer elongated micelles will be adhering to the cells and internalized through slower pathways. 28 After 12 hours of incubation time the total amount of fluorescence in the cells is approximately the same for all three micelle types. These results are very similar to those obtained by Shao et al. using active fluorescent nanoprobes. 29 The apparently faster rate of internalization of the DiI-ePSS in the later stages of internalization is explained by the fact that the longer micelles, while being internalized slower, also encapsulate larger amounts of DiI dye per micelle resulting in a higher amount of internalized dye within the cells. The higher loading capacity of elongated micelles with respect to spherical ones has been shown to be one of their major advantages when using them as drug carriers. 4, 10 
Radiolabeling and Purification of PS-PEO Micelles
In order to study their circulation time and biodistribution in healthy mice, the micelles were radiolabeled with 111 In to obtain gamma-emitting carriers for SPECT imaging. The method used to encapsulate the radioisotope 111 In in the core of the micelles is based on the method developed by Laan et al. 30 where the isotope is complexed with the lipophilic chelator tropolone.
Tropolone is a water-soluble, weakly negatively charged molecule which forms lipophilic complexes with the positively charged 111 In (oxidation state of 3+) in water solution at pH 7.4. These lipophilic complexes migrate to the chloroform phase during the evaporation of the emulsion that is required for the formation of the micelles. As the chloroform evaporates, the complex will be entrapped in the hydrophobic core of the micelles. The encapsulation efficiency depends on the partition of indium-tropolone complexes between the aqueous and organic phases of the emulsion. The unencapsulated 111 In is separated from the radiolabeled micelles using size exclusion chromatography. The elution profiles are shown in Figure 4 . Free 111 In-tropolone is shown as a control. By selecting the elution fractions 3 to 5, all the free 111 In is excluded from the micelle solution. The total radiolabeling efficiencies are shown in Table S1 (Supporting Information). No changes in size were found when characterizing the plain micelles and the radiolabeled ones. The radiolabeling efficiency of the technique used is related to the partition of the indium-tropolone complexes between the water phase and the chloroform phase prior micelle formation. While the efficiency obtained herein can potentially be optimized through formulation studies, it is outside the scope of this paper.
In vivo Biodistribution of PS-PEO Micelles
In vivo SPECT studies were performed to assess the morphology-dependence of in vivo biokinetics and blood circulation of the micelles. Figure 5A and Video S1-S3 show the maximum intensity projections of follow-up total body SPECT/CT scans for three mice, depicting the longitudinal changes in the biodistribution of 111 In-sPSS (top), 111 In-sPSL (middle) and 111 In-ePSS (bottom) micelles. At the same time, quantified uptake of the compound in multiple organs of interest ( Figure 5B , Table S2 -S3) provides an absolute quantitative measure of the micelle distribution in the tissue.
Our results show ( Figure 5 ) that all nanocarriers have a high blood activity concentration (17.6 ± 3.6 %ID/mL 111 In-sPSS, 17.4 ± 6 %ID/mL 111 In-sPSL, 15.0 ± 3.6 %ID/mL 111 In-ePSS, based on heart uptake values) and rapid spleen uptake (12.2 ± 4.3 %ID/mL 111 In-sPSS, 11.0 ± 1.3 %ID/mL 111 In-sPSL, 24.7 ± 0.4 %ID/mL 111 In-ePSS) during early stage of the experiment. At the same time, the presence of a renal shell image at 0 hours p.i. scans suggests fast renal clearance of the compounds. However, the near absence of bladder activity accumulation by the end of 0 hours p.i. scans (i.e. 30 minutes p. i.) and the remaining renal cortex shell image on the later stage scans (24 and 48 hours p.i) suggest an entrapment of the micelles in the renal cortex tissue. This interpretation is consistent with the value of kidney uptake on quantification plots ( Figure 5B ) which remained almost constant during the three days of follow-up studies. SPECT images at 24 hours p.i. show high level of activity elimination from the main vessels and the heart (6.1 ± 2.2 %ID/mL 111 In-sPSS, 4.2 ± 0.6 %ID/mL 111 In-sPSL, 4.6 ± 1.3 % ID/mL 111 In-ePSS) of the animals, that is later followed by total clearance of the compounds from the blood, to the level of background signal, prior 48 hours p.i. imaging (r>0.99 for all compounds). The liver and spleen uptake become more prominent with time: 111 In-sPSL and 111 In-ePSS show very similar dynamics of spleen uptake (r>0.99), yet have different rates of indium decomposition. For the 111 In-sPSL there is an increase of 3.3 times in the spleen uptake, from 0 to 24 hours p.i., while for the 111 In-ePSS the increase is 2.6 times. Liver accumulation of 111 In-sPSS micelles remains almost constant during three days of imaging, while a small increase in spleen accumulation (12.2 ± 4.4, 14.3 ± 1.8 and 17.3 ± 0.9 %ID/mL at 0, 24 and 48 hours p.i) is observed. Micelles of spherical morphology, 111 In-sPSS and 111 In-sPSL, showed similar dynamics of liver uptake (r=0.94). Fused SPECT/CT slices of 48 hours p.i. scans focused on the abdominal area of the animal ( Figure 6) show, in detail, the late stage biodistribution of 111 In-sPSS (top), 111 In-sPSL (middle) and 111 In-ePSS (bottom) micelles. Closer examination of the activity distribution on the coronal slices ( Figure S2 -S4) reveals a relatively high level of 111 In uptake within the liver which appears to be distributed homogeneously for the 111 In-sPSS micelles and increasingly heterogeneously going from the 111 In-sPSL to the 111 In-ePSS which also showed some liver clearance. It was previously reported that micelles of elongated morphology, when compared to their spherical analogues, can have high brain and/or lungs uptake. 3 However, the brain uptake of the elongated 111 In-ePSS micelles studied in this work (1.9 ± 0.3 %ID/mL 111 In-ePSS at 0h p.i., Table S2 ) had no significant difference with the uptake of spherical micelles (1.8 ± 0.4 %ID/mL 111 In-sPSS, 1.7 ± 0.1 %ID/mL sPSL at 0h p.i). Moreover, although we saw a high activity concentration in lungs (13.6 ± 2.1 %ID/mL 111 In-sPSS, 13.2 ± 1.2 %ID/mL 111 In-sPSL and 10.6 ± 3.0 %ID/mL 111 In-ePSS; Table S2 ) at the early stage of the experiment (0h p.i.), this value significantly decreased over imaging days (4.5 ± 1.2 %ID/mL 111 In-sPSS, 3.1 ± 0.3 111 In-sPSL, 3.4 ± 1.0 111 In-ePSS at 24h p.i.). In this case, the initial high activity concentration in the lungs, is probably associated with the relatively high perfusion of the lungs (~4.5 time higher than in liver), 31 while the gradual decrease in lungs activity concentration indicates that none of the compounds is being trapped in the organ. For all compounds studied, negligible activity was accumulated in the skeleton of the animals ( Figure  5 ). This indicates that minimal dissociation of 111 In in its ionic form from the carriers after i.v. administration. [32] [33] [34] This statement is consistent with the previously reported mouse serum stability tests for 111 In-labelled micelles equivalent to the ones used in our experiments. 30 
DISCUSSION
In this work we studied the effects of the shape, size and rigidity of PS-PEO micelles on their circulation time, general biodistribution and clearance pathways in mice. Spherical and elongated micelles of polystyrene-bpoly(ethylene oxide) were prepared using a co-solvent evaporation method which made it possible to physically encapsulate a hydrophobic fluorescent dye and complexed radioisotopes from the micelle formation stage without altering their surface properties. From in vitro cellular internalization experiments with HeLa cells it was found that the internalization rate of the micelles depends on their morphology. In contrast to micelles of spherical morphology (sPSS d=120 nm and sPSL d=190 nm), that showed approximately constant rate of cellular internalization over 12 hours, the elongated micelles (ePSS 30x600 nm) appear to be internalized at two different rates. The initial phase is characterized by slow rate of cellular internalization (up to 4 hours) and the late phase has a fast uptake. However, when compared to spherical micelles, both uptake rates of ePSS results in a larger delivery of fluorescent dye to the cells. In this case, the higher loading capacity of elongated micelles with respect to spherical ones illustrates one of their major advantages as drug carriers. 4, 10 Moreover, no cytotoxic effects for the different micelle morphologies were found for concentrations up to 5 mg/mL which was more than double the concentration used for in vivo studies. Next, the micelles were radiolabelled with 111 In and we studied their biodistribution in healthy mice. Overall, the major site of accumulation for all compounds studied was the spleen. Regarding the circulation time, our results demonstrated that the carrier with the fastest initial clearance is 111 In-ePSS. The carrier with the longest circulation time is 111 In-sPSS which showed the highest %ID/mL heart uptake value ( Figure 5B ) in the 24 hours p.i. scan. This value represents an average activity concentration in the blood passing through the heart. 111 In-sPSL and 111 In-ePSS showed slightly lower heart uptake values at 24 hours p.i. (Figure 5B , Table S2 ), but all three morphologies show no statistical difference in blood activity concentration at 48 hours p.i. Furthermore, a significant late stage increase in spleen uptake of 111 In-sPSL and 111 In-ePSS ( Figure 5B ) suggests a circulation time of the compounds that is longer than 24 hours. These results correlate with previously reported long circulation times for PS-PEO micelles and suggest a good potential for EPR effect related investigation. 24 However, based on our results we can state that the high aspect ratio of PS-PEO elongated micelles does not provide an increased circulation time. This is especially different from the order of magnitude increase in circulation time that was previously reported by Geng et al. for the PEO-PCL filomicelles. 4, 10 Our results are more closely related to those obtained by Müllner et al., who used high molecular weight brush copolymers to study their circulation time and biodistribution while varying the length and rigidity of the backbone. 11 The authors showed that an increased length results in an increased splenic capture, while an increased rigidity results in a faster clearance. The aspect of rigidity was also confirmed recently by Anselmo et al. who showed using spherical hydrogel nanoparticles that the circulation time decreases with increasing rigidity of the particles. 35 From this we can conclude that for micelles with a stiff core, such as the polystyrene based ones used in this work, the circulation time is longer for spherical particles rather than elongated ones. Finally, we can summarize the difference in longitudinal in vivo biodistribution of the three micelle types through their differences in size and morphology. The general trend observed is that the PS-PEO nanocarriers accumulate in the spleen, liver and renal cortex. The nanocarriers with larger characteristic dimensions accumulate preferentially in the spleen, while the smallest are divided equally between spleen and liver. Nanoparticles which are larger than 100 nm have been shown to preferentially accumulate in the spleen rather than the liver which is consistent with our results with the spherical micelles. 36 Moreover, stiffer carriers have also been reported to accumulate preferentially in the spleen rather than the liver. 31 As a result of the combination of their sizes and stiffness, given by the polystyrene core, the elongated micelles show a remarkably specific spleen uptake. As previously mentioned, the splenic accumulation of the larger micelles is consistent with the results shown for high molecular cylindrical polymer brushes. 11 Since the spleen is the primary organ of the immune system this result could lead to interesting applications, for example in the field of vaccine delivery. 37 At the same time, it must be noted that our experiments were carried out on an animal model (C57Bl/6 mouse) with non-sinusoidal spleen, while both rat and human spleens have a sinusoidal structure.
The sinusoidal sleeves provide an extra layer of filtration for carriers which have high rigidity, sizes larger than 200 nm and elongated shapes. 38, 39 Regarding the liver, the Kupffer cells are responsible for the internalization of nanoparticles. These are known to have a rough surface which promotes phagocytosis of particles with a diameter between 1 and 3 µm. 2, 28 The carrier which mostly represents this range are the elongated micelles 8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
Please do not adjust margins Please do not adjust margins ePSS along their long axis. However, our results show that the small spherical particles are being preferentially uptaken in the liver. This is again likely due to the rigidity of the elongated micelles which promotes their spleen uptake and indirectly contributes to a reduction of the accumulation in the liver.
CONCLUSIONS
Spherical and elongated micelles of polystyrene-bpoly(ethylene oxide) were prepared using a co-solvent evaporation method which made it possible to physically encapsulate a hydrophobic dye and complexed radioisotopes from the micelle formation stage. This theranostic device shows great versatility for research purposes since markers, as long as hydrophobic, can potentially be encapsulated without costly formulation efforts and without influencing the surface properties of the carriers. From these experiments it was found that the internalization rate of the micelles depends on their morphology. Moreover, no cytotoxic effects for the different micelle morphologies were found for concentrations up to 5 mg/mL. The micelles mainly distributed between liver and spleen for all the three samples tested. The size increase of spherical micelles influenced their rates of spleen accumulated without any obvious effect of general liver uptake. The elongated micelles showed a delayed liver clearance and a remarkably specific accumulation in the spleen which is explained by their morphology coupled with the stiffness of the core forming block. Finally, the shorter circulation time of the elongated micelles, caused by their rigid core, highlights the importance of describing elongated micelles not only as a function of their size, but also of their mechanical properties. Further studies using non degradable elongated micelles of different stiffness, and therefore persistence length, are necessary in order to further clarify the aspect of morphology related biodistribution and circulation time.
